Dot and Northern blot hybridization assays were developed to detect and differentiate group A bovine rotavirus serotypes using radiolabeled serotype 6 (Nebraska calf diarrhea virus [NCDV] and United Kingdom [UK] strains) or serotype 10 (Cracker [Cr] strain) VP7 gene probes. Partial length VP7-specific cDNA encompassing areas of major sequence diversity were generated by the polymerase chain reaction (PCR) using either cloned VP7 genes (NCDV and UK strains) or reverse transcribed mRNA (Cr strain) as templates. Radiolabeled probes prepared from the PCR-generated cDNA were tested at various stringency conditions to optimize the hybridization assays. At high stringency conditions (52 C, 50% formamide, 5 x standard saline citrate), the NCDV, UK, and Cr probes serotypically differentiated bovine rotavirus isolates in RNA samples prepared from cell culture-propagated viruses or in fecal specimens from infected gnotobiotic calves. The sensitivity and specificity of NCDV and Cr VP7 probes were characterized in dot blot hybridization assays, and the probes were estimated to detect at least 1 ng of viral RNA. The serotyping results obtained using VP7 probes were similar to those obtained using serologic assays. Further development of these assays may provide a useful means for the rapid detection and differentiation of bovine rotavirus serotypes in fecal samples from calves in the field.
B223 is the prototype for serotype 10. Serotypes 6 and 10 BRV have both been identified in serotyping studies 1, 31 Limited information available on the prevalence of BRV serotypes suggests that serotype 6 is the predominant field strain among isolates from calf diarrhea cases. 31 A third but less common serotype (serotype 8) has been reported among BRV isolates. 31 Several other studies have reported BRV strains that are serologitally distinct from serotype 6, but these newly described strains have not been classified relative to other rotavimses. 1, 3, 4, 18, 23, 32 Although BRV isolates have been detected and serotyped using MAbs, 1, 31 there are no reports on the development and use of cDNA probes for the differentiation of BRV serotypes. The objective of this study was to develop and characterize cDNA probes prepared from NCDV, United Kingdom (UK), and Cracker (Cr) VP7 genes for the detection of BRV in cell culture and fecal samples. The probes were also used for the serotypic differentiation of BRV isolates on the basis of VP7 specificity. Radiolabeled probes prepared from gene segment 9 cDNA generated by PCR were used in dot and Northern blot hybridization assays.
Materials and methods
Viruses and cells. Cell culture-adapted group A BRV strains used in this study were NCDV (Cody strain designated K124), a Indiana (IND), b Cr, c Idaho (ID), d Oklahoma (OK) e and B223. f The group specificity was identified by a cell culture immunofluorescence (CCIF) assay and RNA electropherotyping. 27 The field strains IND and OK were related to serotype 6 (NCDV), and the Cr strain was related to serotype 10 (B223) by cross-neutralization assays (Saif et al., unpublished) . 29 The ID strain has been previously identified as serotype 6. 36 Two porcine group A rotaviruses, Gottfried (serotype 4) and OSU (serotype 5), 25, 26 and a bovine group C virus (Shintoku strain) g were also used as controls. The viruses were grown in monkey kidney (MA-104) cells in roller bottles and were titrated by a plaque assay as previously described. 29 Rotavirus-infected fecal samples were obtained after passage of virus in gnotobiotic or colostrum-deprived calves as previously described. 28 A rotavirus-negative sample was obtained from a field case of calf diarrhea submitted to our laboratory for diagnosis. Fecal viruses included group A BRV NCDV (Cody strain), Cr, OK, ID, B223, IND, and a group B BRV (AT1 strain). 27 Extraction and quantitation of RNA. Rotavirus dsRNA was extracted from cell culture-propagated virus using modifications of previously described procedures. 25 Rotavirus or mock-inoculated cell culture supernatants were subjected to 2 cycles of freezing and thawing, followed by centrifugation at 1,200 x g for 30 min. The supernatants were subjected to high-speed centrifugation at 122,000 x g for 3 hr at 4 C through a 40% sucrose cushion. The viral pellets were suspended in 1 ml of extraction buffer (0.1 M sodium acetate [pH 51, 1% sodium dodecyl sulfate [SDS]). The suspension was extracted twice with an equal volume of phenol/chloroform mixture (1:1), and 4 M sodium acetate (0.1 volume) and 100% ethanol (2 volumes) were added to the aqueous phase. The RNA was allowed to precipitate overnight at 20 C and was pelleted by centrifugation at 12,000 x g. The RNA was resuspended in diethyl pyrocarbonate (DEP)-treated water and stored at -20 C until used.
Nucleic acid was extracted from fecal samples as follows. Approximately 1 ml of the fecal sample was diluted (1:5) in Tris-CaCl 2 buffer (0.1 M Tris, 10 mM CaCl 2 ). The diluted samples were vortexed and centrifuged at 1,200 x g for 30 min at 4 C. Sodium acetate and SDS were added to the supernatant at a final concentration of 0.1 M and l%, respectively. The supernatant was extracted with phenol-chloroform and ethanol precipitated as described for cell culture viruses. The concentrations of nucleic acid in rotavirus-positive and -negative samples were estimated by absorbance readings at 260 nm in a spectrophotometer. The estimated concentrations represented the total nucleic acid present in the extracted samples and did not reflect rotavirus-specific dsRNA only. 25 RNA electrophoresis. Rotavirus dsRNA in extracted samples was analyzed by polyacrylamide gel electrophoresis (PAGE) to confirm the presence of dsRNA and to examine the genomic electropherotypes as previously described. 25, 26 The discontinuous buffer system 20 was utilized, and dsRNA was resolved in 10% polyacrylamide slab gels. Electrophoresis was conducted at 12 mA for 14-16 hr. The dsRNA bands were visualized by silver staining 14 or staining with ethidium bromide (0.5 &ml).
CDNA synthesis and labeling. Full length cDNA copies of the VP7 gene from BRV NCDV (Cody) inserted into the plasmid pUC9 and from UK inserted into the plasmid pBS were used as templates for PCR amplification. The host strains of Escherichia coli containing the recombinant plasmid were grown in LB medium containing ampicillin (5 mg/ml). Plasmid DNA was extracted from cleared lysates and purified on cesium chloride-ethidium bromide gradients using standard procedures. 22 The plasmid DNA containing VP7 gene inserts (NCDV and UK) was used for the generation of serotype 6-specific probes by PCR.
Serotype 10 VP7 cDNA was prepared from single-stranded RNA (ssRNA) transcripts. The ssRNA was produced by in vitro transcription of purified viral cores (Cr strain) using procedures previously described. 9 Amplification of ssRNA templates required an initial reverse transcription step. The Cr ssRNA was primed at its 3' end with the synthetic oligonucleotide primer A (5'-GGTCACATCATACAACT-CTA-3'; sequence complementary to the 3' end of NCDV VP7 gene). First strand cDNA synthesis was performed by incubating heat-denatured ssRNA (0. Partial length VP7 gene cDNA of two different lengths were produced by PCR amplification. For amplification of long cDNA segments (1,011 nucleotides), 2 oligonucleotide primers, A and B (5'-GTATGGTATTGAATATACCAC-3'; homologous to nucleotides 51-71 of the NCDV VP7 gene), were used. For amplification of short cDNA segments (341 nucleotides), primers B and C (5'-GATCCTGTTGGC-CATCC-3'; complementary to nucleotides 376-392 of the NCDV VP7 gene) were used. These primers corresponded to highly conserved regions of the VP7 gene and flanked the target regions. The PCR mixture consisted of 200 µM each of dATP, dCTP, dGTP, and dTTP, 20 mM Tris-HC1 (pH 8.3), 2.5 mM MgCl 2 , 0.05% gelatin, 200 ng of each primer, 1-10 ng of DNA template, and 2.5 U of Taq polymerase. h Thirty amplification cycles were used, each consisting of 94 C for 1 min (denaturation), 42 C for 1.5 min (annealing), and 72 C for 2.5 min (extension). The PCR products were extracted once with chloroform and were ethanol precipitated at -20 C. The DNA was pelleted and resuspended in diethyl pyrocarbonate-treated water. The products were separated on a 1.0% agarose gel, excised, purified by electroelution, and concentrated by ethanol precipitation. For size estimation of PCR products, molecular size markers fX174 RF DNA/Hae III fragments' were also run. The purified PCR products were radiolabeled using a nick translation kit i and 32 P-deoxycytidine-5'.triphosphatej as previously described. 25, 26 Northern and dot blot hybridization assays. The Northern blot hybridization assay was performed using modifications of previously described procedures. 33 The dsRNA (0.1-0.5 µg) resolved by PAGE was denatured with 0.1 M NaOH and 0.25 M NaCl for 20 min at room temperature. The gel was then washed twice (20 min each time) in 4 x TAE (I x TAE = 0.01 M Tris-acetate, 0.001 M ethylenediaminetetraacetic acid and once in 1 x TAE for 20 min. The denatured RNA was electrotransfered onto Nytran membranes k and immobilized using ultraviolet light cross-linking. For dot blots, dsRNA was denatured at 100 C for 5 min and placed on ice for 5 min. The RNA was dotted onto nylon membranes in volumes of 5 µ1 or less (0.1-0.5 µg). In some experiments, serial dilutions (300-1.2 ng) of the homologous unlabeled DNA and representative dsRNA samples were dotted. Following application of the samples, the membranes were air dried and baked for 2 hr at 80 C in a vacuum oven.
The membranes were prehybridized for 4 hr at 42 C or 52 C in hybridization buffer (50% formamide, 5 x standard saline citrate [SSC], 50 mM phosphate buffer [pH 6.51, 0.2% SDS, 2 x Denhardt's solution, 100 µg/ml yeast tRNA). Hybridization was performed in 3-5 ml of hybridization buffer containing 4.5% dextran sulfate and 3-5 x 10 6 counts/min (CPM) of heat-denatured PCR probe (≈ 1.2 x 10 7 CPM/ µgDNA template). The hybridizations were performed for 16-24 hr at 42 C (moderate stringency) or 52 C (high stringency). The membranes were washed 4 times at room temperature in 2 x SSC and 0.1% SDS and 2 times at hybridization temperature in 0.4 x SSC and 0.1% SDS. The washed membranes were rinsed once with water, blotted, and exposed to Kodak XAR film 1 with intensifying screens at -70 C for l-7 days.
Results
Genome electropherotypes. The dsRNA extracted from cell culture-cultivated rotaviruses and fecal samples was analyzed by PAGE to confirm the presence of viral dsRNA and to examine the genome patterns (electropherotypes) of the various BRV isolates (Figs. 1, 2). Both long and short genome electropherotypes were observed. The BRV strains NCDV, IND, Cr, and B223 had long patterns, and ID and OK strains had short patterns.
Synthesis cDNA by PCR. The PCR VP7 partial length cDNA fragments were generated using either a cDNA clone of NCDV or UK VP7 gene as a template or by reverse transcription of ssRNA from Cr VP7 and using the first strand of cDNA as a template. Short probes (nucleotides 51-392) representing serotype 6 (NCDV and UK strains) and serotype 10 (Cr strain) were synthesized by PCR. Long probes were synthesized for NCDV and Cr strains (nucleotides 51-1,062) by PCR amplification using primers A and B. The sizes of the PCR products were confirmed by running them with molecular weight standards on agarose gels (data not shown).
Specificity of VP7 gene probes. Northern and dot blot hybridization assays were used to examine the specificity of the VP7 gene probes. Various stringency conditions were tested to optimize the hybridization assays. Initially, both short and long probes were tested and were similar in sensitivity. However, the long probes exhibited more cross-reactivity under high stringency as compared with short probes when large amounts of heterologous RNA was dotted (data not shown). Therefore, only the short probes were used for further experiments.
Using a Northern blot at high stringency conditions (52 C, 50% formamide, 5 x SSC), the NCDV probe reacted only with the VP7 gene from homologous cellculture virus (Fig. lb, lane D) and another serotype 6 BRV (IND strain) (Fig. lb, lane C) . Hybridization was not observed with the 2 serotype 10 cell-culture viruses, B223 and Cr strains (Fig. lb, lanes A and B) . The Cr probe under high stringency conditions was also specific. This probe reacted only with the VP7 genes from 2 serotype 10 BRVs, Cr and B223 (Fig. 1c,  lanes A and B, respectively) and did not react with the 2 serotype 6 BRVs (Fig. 1c, lanes C and D) .
The UK VP7 probe was also tested with representative serotype 6 and serotype 10 BRVs. The UK probe under high stringency conditions (52 C, 50% formamide, 5 x SSC) was similar in reactivity to the NCDV VP7 probe and was specific for serotype 6 BRV. It reacted with cell culture NCDV and IND strains (Fig.  1e, lanes A and D) , and hybridization was not observed with Cr or B223 strains (Fig. le, lanes B and C) . Because the UK and NCDV probes were similar in their hybridization specificity and because of the nonavailability of a homologous UK BRV sample for the UK probe (permission was not obtained to import the UK BRV strain), the NCDV probe was chosen as a representative serotype 6 VP7 probe for further experiments. In a Northern blot assay under moderate stringency conditions (42 C, 50% formamide, 5 x SSC), the VP7 probes exhibited significant cross-reactivity. The NCDV VP7 probe produced strong hybridization signals with homologous and heterologous BRVs (Fig.  2b) . Similar levels of cross-reactivity were observed with the Cr VP7 probe when hybridized at identical stringency conditions (Fig. 2c) .
Dot blot hybridization assay. At moderate stringency conditions (42 C, 50% formamide, 5 x SSC), the NCDV VP7 probe reacted strongly with homologous cell culture-propagated NCDV BRV and unlabeled homologous DNA (probe). However, some cross-reactivity with serotype 10 cell-culture virus was also observed (Fig. 3a) . Similar levels of cross-reactivity were observed with the Cr probe when hybridized under identical stringency conditions (Fig. 3b) .
At higher stringency conditions (52 C, 50% formamide, 5 x SSC), the NCDV VP7 probe reacted very strongly with the homologous cell-culture virus. No cross-reactivity was observed with serotype 10 BRV samples (Fig. 4a) . The Cr VP7 gene probe was also specific for serotype 10 cell-culture viruses (Cr and B223 strains). It did not exhibit any cross-reactivity with serotype 6 cell culture-propagated BRV (Fig. 4b) .
The sensitivity of the NCDV and Cr probes was estimated using serial dilutions of the cell culture-propagated viruses and the homologous cDNA. The original titer of these cell culture-propagated viruses was 10 6 -10 8 plaque-forming units (pfu)/ml, as determined by a plaque assay. The NCDV probe was estimated to detect at least 1.2 ng of viral RNA under moderate stringency conditions, and at least 2.4 ng under high stringency conditions (Figs. 3a, 4a ). Using similar conditions, the Cr probe was estimated to detect at least 4.7 ng of viral RNA under moderate and 9.4 ng under high stringency conditions (Figs. 4b, 5b ).
Detection and serotypic differentiation of BRV strains in fecal and cell culture samples using a dot hybridization assay. The VP7 probes were hybridized at high stringency conditions (52 C, 50% formamide, 5 x SSC) with equal amounts of dsRNA (0.2 µg) from several group A BRV strains extracted from fecal samples of infected calves. Control samples included dsRNA extracted from cell culture-propagated porcine group A rotaviruses Gottfried (serotype 4) and OSU (serotype 5), group B BRV (fecal sample), group C BRV (cell culture), a rotavirus-negative fecal sample, and mock- infected MA-104 cell nucleic acid extracts. The NCDV probe reacted with the unlabeled homologous DNA (probe) and RNA samples as well as with ID, IND, and OK BRV strains. The probe did not react with serotype 10 BRV B223 and Cr strains or with any of the controls (Fig. 5a ). The Cr probe was also specific at high stringency conditions and reacted only with unlabeled homologous cDNA (probe) and dsRNA extracted from the Cr and B223 fecal samples. The Cr VP7 probe failed to hybridize with any of the control samples (Fig. 5b) .
Discussion
Hybridization assays have been described for the serotypic classification of human and animal rotaviruses. 6 In these studies, full length or selected regions of the VP7 gene have been used as probes for serotypic classification. 8, 10, 19, 25, 26 In this study, partial length VP7 nucleic acid probes were used for the detection and differentiation of 2 serotypes of group A BRVs by dot and Northern blot hybridization assays.
The partial length BRV VP7 segments were generated by PCR and were 341 (short, nucleotides 51-392) or 1,011 (long, nucleotides 51-1 ,062) nucleotides long. Radiolabeled probes prepared from the long NCDV or Cr VP7 PCR fragments were used only in the initial experiments and were more cross-reactive than the probes prepared from short PCR products. Under high stringency conditions (52 C, 50% formamide, 5 x SSC), the NCDV, UK, and Cr VP7 probes were able to differentiate BRVs on the basis of their VP7 serotype. The short probes represented hyperdivergent regions of the VP7 gene and were useful for serotypic differentiation. Of the 2 serotype 6 probes (UK and NCDV), the NCDV VP7 probe was selected as a representative serotype 6 probe for further experiments, because the homologous UK virus sample was not available.
The nucleotide sequences for the VP7 genes of various rotaviruses including several BRV strains have been reported. 5, 11, 39 Six discrete regions (A-F) with significant amino acid divergence have been identified upon comparison of deduced amino acid sequences of several VP7 proteins. Sequences in these regions are highly conserved among rotaviruses of the same serotype but are less conserved among rotaviruses of different serotypes. 5, 11, 13, 39 The nucleotide sequence of the VP7 gene for B223 (serotype 10) 39 was compared with VP7 genes of 3 serotype 6 BRVs. Nucleotide divergence among the VP7 genes of the serotype 6 BRVs was less than 5%. In contrast, the B223 VP7 gene sequence was approximately 25% divergent at the nucleotide level from the serotype 6 VP7 gene sequences 39 The nucleotide divergence observed among the 6 discrete regions of the VP7 genes of serotype 6 and 10
BRVs are similar to those reported for other rotavirus serotypes. 5, 11, 13, 39 The nucleic acid hybridization assays present alternative methods for the detection and serotypic classification of BRV isolates. The nucleic acid assays can complement the serotyping ELISAs using MAbs for characterization of BRV isolates in epidemiologic studies. 1, 31 The cDNA probes can detect genomic variants or monotypes not detectable by MAbs. 6 The probes could also be used to serotype BRV isolates in specimens in which degradation of the outer virion capsid has occurred. Cross-reactivity problems are minimal and can be solved by employing more stringent hybridization conditions. Cross-reactivity problems leading to false positives and negatives are not unique to hybridization assays and are also present in other detection systems such as ELISA. Appropriate controls in the detection system may resolve such problems.
The dot and Northern blot hybridization assays described in this study are versatile and useful. At moderate stringency conditions (42 C, 50% formamide, 5 x SSC), both of the VP7 probes (NCDV or Cr) were extremely cross-reactive and could detect all group A BRVs tested in Northern blot ( Fig. 3 ) and dot blot (Fig.  4) hybridization assays. At high stringency conditions (52 C, 50% formamide, 5 x SSC), the NCDV and Cr probes were serotype specific. The VP7 serotypes of the cell culture-propagated and field BRV strains used in this study were confirmed by serologic assays (Saif et al., unpublished data). The VP7 serologic specificities of the BRV strains agreed with data obtained using the VP7 probes. Furthermore, at high stringency, the NCDV and Cr VP7 probes failed to cross-react with the heterologous bovine and porcine serotypes OSU (serotype 5) and Gottfried (serotype 4) or with group B and C BRVs (Figs. 1, 4, 5) .
The results obtained in the present study with the bovine VP7 probes were in accordance with those of previous studies. 10, 25, 26 Radiolabeled Gottfried and OSU VP7 probes under high stringency conditions (52 C, 50% formamide, 5 x SSC) have been used for the detection and discrimination of porcine rotavirus serotypes, 25, 26 and radiolabeled PCR-generated probes from a hyperdivergent region (nucleotides 51-392) of the VP7 gene have been used for serotyping human rotaviruses. 10 Serotypic classification of BRV has been based primarily on VP7. However, the outer capsid protein VP4 also elicits virus neutralizing antibodies. 16, 24 Because the VP4 gene segregates independently from the VP7 gene, some investigators have proposed that a more complete serotypic classification should include both VP4 (P) and VP7 (G) specificities. 5,17,23 Current work in our laboratory includes the development and use of 
